Contextual cues associated with drugs of abuse, such as ethanol, can trigger craving and drug 2 seeking behavior. Pavlovian procedures, such as place conditioning, have been widely used to 3 study the rewarding/aversive properties of drugs and the association between environmental 4 cues and drug seeking. Previous research has shown that ethanol as an unconditioned stimulus 5 can induce a strong conditioned place preference (CPP) or aversion (CPA) in rodents. However, 6 the neural mechanisms underlying ethanol induced reward and aversion have not been 7 thoroughly investigated. The bed nucleus of the stria terminalis (BNST), an integral part of the 8 extended amygdala, is engaged by both rewarding and aversive stimuli and plays a role in 9 ethanol seeking behavior. Here, we used ex-vivo slice physiology to probe learning-induced 10 synaptic plasticity in the BNST following ethanol-induced CPP and CPA. Male DBA/2J mice (2-3 11 months old) were conditioned using previously reported ethanol-induced CPP/CPA procedures.
Introduction 21
Alcohol Use Disorder is a highly prevalent chronic disorder characterized by an impaired ability 22 to control alcohol use despite negative health and economic consequences. One of the major 23 obstacles in recovery from addiction is the compulsive drug seeking behavior triggered by 24 environmental contexts and cues contributing to relapse from abstinence (Anton, 1999;  25 Crombag and Shaham, 2002; Krank and Wall, 1990; Monti et al, 2002; Zironi et al, 2006) . This 26 form of Pavlovian learning wherein the rewarding/aversive properties of ethanol become 27 associated with a previously neutral set of environmental stimuli can lead to the maintenance 28 and facilitation of alcohol use disorder. While the focus has been on the rewarding effects of 29 alcohol and how that contributes to alcohol's addictive potential, a number of studies have also 30 established an equally important role for alcohol's aversive properties in determining sensitivity 31 to alcohol's subjective effects (Morean and Corbin, 2010) . For example, individuals with family 32 history of alcoholism, are less sensitive to the impairing effects of alcohol (Schuckit, 1994;  central amygdala (Dong et al, 2001b) as well as via intrinsic GABAergic interneurons (Sun and mV and experiments were performed to determine rheobase (the minimum amount of current 138 required to elicit an action potential) and action potential (AP) threshold, followed by spike 139 frequency experiments (number of action potentials fired in response to depolarizing current 140 steps of 10 pA each ranging from 0-80 pA). Parameters related to AP shape, which included AP 141 height, AP duration at half-maximal height (AP half-width), time to fire an AP (AP latency), and 142 afterhyperpolarization (AHP) amplitude were calculated from the first action potential fired 143 during the V-I plot. To assess spontaneous synaptic activity, a cesium methane sulfonate-based 144 intracellular solution (in mM: 135 cesium methanesulfonate, 10 KCl, 1 MgCl 2 , 0.2 EGTA, 4 145 MgATP, 0.3 Na 2 GTP, 20 phosphocreatine, pH 7.3, 285-290 mOsm with 1mg/ml QX-314) was 146 used. Cells were voltage clamped at -55mV for monitoring spontaneous excitatory post synaptic 147 currents (sEPSCs), and, held at +10mV to isolate spontaneous inhibitory post synaptic currents 148 (sIPSCs) . For experiments that required minimal spontaneous synaptic activity in the slice,
149
ACSF was supplemented with tetrodotoxin (TTX; 500 nM), to block voltage-gated sodium 150 channels.
151
To record evoked currents, a bipolar nichrome electrode was placed in the vBNST dorsal to the 152 recorded neurons. Picrotoxin (25 µM) was added to the ACSF to block both synaptic and 153 extrasynaptic GABA-A receptors to assess post-synaptic glutamate transmission. EPSCs were 154 evoked at 0.167 Hz for 100-150 microseconds using a bipolar Ni-chrome-stimulated electrode 155 controlled by S88X grass stimulators (Astro-Med/Grass technologies) using a cesium gluconate 156 based internal (in mM: 117 D-gluconic acid, 20 HEPES, 0.4 EGTA, 5 TEA, 2 MgCl 2 , 4 Na 2 ATP, 157 0.4 Na 2 GTP, pH 7.3, 285-290 mOsm with 1mg/ml QX-314). Cells were held at -70 mV to record 158 AMPA receptor mediated currents and held at +40 mV to record NMDA receptor mediated 159 currents. The NMDA current at +40 mV was measured at least 50 ms after the onset of an 160 evoked response to avoid contamination with AMPA current. To assess putative changes in 161 presynaptic release probability, paired pulse ratio (amplitude of EPSC2/ EPSC1) was recorded 162 at 50 ms inter stimulus interval while the cells were voltage clamped at -70 mV. Similar set of 163 experiments were conducted to assess plasticity at GABAergic terminals using a cesium 164 chloride based internal (in mM: 130 CsCl, 10 HEPES, 2 Mg-ATP, 0.2 Na 2 GTP, pH adjusted to 165 7.3 using CsOH and volume adjusted to [285] [286] [287] [288] [289] [290] 
196
immediately before a 5 min CS exposure ( Fig. 1A ). Prior to conditioning, a 15 min pretest was 197 included to determine initial bias . No initial bias for the CS+ side was observed 198 between Sal (n=24 mice) and EtOH (n=24 mice) groups [t(46) =1.178, p = 0.9133]. Also, there 199 was no difference in the mean velocity (Fig. 1C ) between the two groups during pretest [t(46) 200 =0.8545, p = 0.3973]. After four days of conditioning, mice were given free access to both the 201 conditioning floors during a drug-free test day to determine the expression of ethanol 202 preference. Consistent with previous reports (Pina et al, 2015) , mice treated with ethanol 203 showed increased preference for the CS+ floor ( 
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In a separate cohort of mice, we injected the same dose of ethanol immediately after a 5 min 208 CS exposure to induce CPA ( Fig. 1F ). Similar to the CPP paradigm, we found no difference in 209 the time spent on grid and hole floors during the pretest between the Sal (n=14 mice) and EtOH 210 (n=16) groups ( Fig. 1G ; [t(28) = 0.0752, p = 0.9406)]), and there were no differences in basal 211 locomotion between treatment groups ( Fig. 1H ; [t(28) = 0.1513, p = 0.8808] ). On the test day, 212 mice treated with ethanol showed a significant aversion to the CS+ floor ( 
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average capacitance was generally <30 pF and didn't differ between the two groups ([t(46)=1.266, p=0.2118] ). In order to evaluate the effect of ethanol-induced place preference, 228 the intrinsic excitability of vBNST neurons was assessed through rheobase (the minimum 229 current required to elicit an action potential), action potential threshold and the number of action 230 potentials fired across a range of current steps (0-80 pA, at an increment of 10 pA). All the 231 measurements were recorded at -70 mV in current clamp mode to account for variability in 232 resting membrane potentials across different neurons. EtOH-CPP did not alter the resting 233 membrane potential (RMP) between the two groups ( Fig 
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Accumulating evidence suggests that various ion channels (such as K+ channels) can alter the 247 kinetics of action potential and modulate intrinsic excitability. Plasticity of intrinsic excitability is 248 critical for synaptic integration and learning processes and by modulating various ion channels 249 drugs of abuse may contribute to alterations in neuronal firing (Kourrich et al, 2015) . Therefore,
250
we dissected the action potential shape in different components ( Fig. 2I -L), for example, spike 251 latency, fast after-hyperpolarization (AHP fast), action potential height and half-width.
252
Interestingly, we observed a decrease in AP latency in the EtOH group ( 
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To directly test the hypothesis that hyperexcitability of vBNST neurons in the ethanol-treated 267 mice involves inactivation of inward-rectifying potassium channels, we ran a separate cohort of 
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Collectively, these data provide a potential mechanism by which ethanol-induced place 293 preference produces a functional increase in the excitability of vBNST neurons.
295
No change in intrinsic excitability of vBNST neurons following ethanol-induced CPA
296
We next asked whether ethanol-induced conditioned aversion might also modulate excitability of 297 vBNST neurons. Mice that showed conditioned aversion to ethanol (n=7) were similar to saline 
330
Interestingly, we found that ethanol-induced conditioned aversion decreased spontaneous 331 excitatory synaptic drive onto vBNST neurons. Specifically, in slices extracted from mice that 332 received ethanol we observed a significant reduction in sEPSC frequency ( Fig. 4E-H 
367
[t(37)=2.163, p=0.0371]). EtOH-induced CPP did not alter glutamatergic PPR relative to saline 368 controls ( Fig. 5A; n=21 cells from 6 Sal mice and n=15 cells from 5 EtOH treated mice;
369
[t(34)=0.5527, p=0.5841]). Furthermore, unpaired ethanol injection also did not affect PPR ratio at glutamatergic terminals ( Fig. 5C; n=15 
372
We also evaluated potential changes in presynaptic release probability at GABAergic terminals 373 by evoking GABAergic IPSCs in presence of kynurenic acid (3 mM) to block ionotropic 374 glutamatergic receptors (Fig. 5D-F 
377
Thus, ethanol-induced place aversion selectively modulated short-term plasticity by putatively 378 altering presynaptic glutamate signaling.
379
Exposure to ethanol has no effect on AMPA/NMDA ratio 380 Changes in AMPA/NMDA ratio has been considered a hallmark of learning and memory 381 processes and drugs of abuse can 'hijack' these processes to cause maladaptive plasticity 382 (Lüscher and Malenka, 2011 ). To answer how ethanol conditioning affected postsynaptic 383 glutamatergic transmission in vBNST neurons. To test this, we measured AMPA-receptor 384 mediated EPSCs by voltage clamping the cell at -70 mV and NMDA-receptor mediated currents 385 by holding the same cell at +40 mV. This allows us to calculate AMPA/NMDA ratio for each cell 386 (see methods). We found no significant differences in AMPA/NMDA ratio across all the different 387 experimental groups ( Fig. 5G 
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Discussion
391
Cue-induced drug seeking behavior has been known to contribute to relapse from abstinence in 392 substance use disorders (Anton, 1999; Bardo and Bevins, 2000) . When the rewarding , 1997; Cunningham and Henderson, 2000) . Specifically, ethanol injection produces an 399 initial short-duration aversive effect followed by a longer-lasting rewarding effect. The same 400 group has also shown that pre-exposure to ethanol before place conditioning resulted in 401 tolerance to its aversive effect without modifying the rewarding effect (Cunningham et al, 2002) .
402
Therefore, it is imperative to take into consideration the balance between reward and aversion 403 when trying to model drug seeking behavior.
404
In the present study, we utilized a well characterized form of Pavlovian conditioning to assess 405 the rewarding as well as aversive properties of ethanol (for review see Tzschentke, 1998) and 406 coupled that with ex vivo patch clamp electrophysiology to determine the effects of ethanol 407 conditioning on synaptic plasticity in the BNST. To our knowledge, this is the first study to look 408 at electrophysiological correlates of both ethanol-induced CPP and CPA in the BNST. We 409 focused on ventral BNST, as it is enriched with projection neurons and plays a key role in 410 addiction-related behavior. We found that the vast majority of vBNST neurons had high input 411 resistance (typically > 400 MΩ) and low whole-cell capacitance (typically < 30 pF) along with a 412 smaller subpopulation of neurons with low input resistance (typically between 100-300 MΩ).
413
Prior work from our lab and others have shown that high input resistance and low capacitance 414 neurons tend to be associated with putative vBNST-VTA projecting neurons (Dumont and neurons following ethanol conditioned preference without any changes in synaptic transmission.
417
In contrast, our data from mice that showed ethanol conditioned aversion indicate that synaptic 418 transmission onto vBNST neurons is significantly altered with a marked decrease in 419 spontaneous glutamatergic transmission resulting in excitatory-inhibitory imbalance. These 
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Chronic exposure to ethanol also results in increased excitability of vBNST (Marcinkiewcz et al, 458 2015; Pleil et al, 2015) . In juxtacapsular BNST, high frequency stimulation results in long-term 459 potentiation of intrinsic excitability which was impaired following protracted withdrawal from self-460 administration of alcohol (Francesconi et al, 2009) . Therefore, increases in intrinsic excitability 461 may provide a permissive function resulting in increased temporal fidelity of firing thereby 462 predisposing the neural network to generate long-term neuronal changes.
In contrast to intrinsic plasticity, we did not observe any effects of ethanol conditioning on both 464 presynaptic and postsynaptic transmission. There were no changes in either frequency or 465 amplitude of excitatory or inhibitory synaptic transmission. Neither did we observe any changes 466 in the AMPA/NMDA ratio. It is possible that the short-term increase in intrinsic excitability 467 induces long-term homeostatic adaptations in synaptic strength that develops later than the 468 timescale at which we recorded from the neurons. An alternate rationale for the lack of effect of 469 ethanol-CPP on vBNST synaptic transmission is the cell-type and projection-target 470 heterogeneity of BNST neuronal populations. In dorsal BNST, Kim et al, 2013 found that the 471 oval nucleus and the anterodorsal BNST had divergent effects on anxiety state. In a different 472 study, VTA-projecting glutamate and GABA neurons had opposite effects on anxiety and 473 motivated behavior (Jennings et al, 2013) . Also, prior work from our lab demonstrated the 474 differential modulation of interneurons and projection neurons in regulating emotional behavior 475 (Marcinkiewcz et al, 2016) . There is also evidence for discrete genetically defined neuronal 476 populations being modulated by alcohol (Silberman et al, 2013; Pleil et al, 2015b) . Thus, future 477 work will need to target discrete cell-and projection-specific neuronal populations to capture 478 more nuanced changes in synaptic plasticity and also layer on how various neuromodulators 479 that are involved in alcohol-induced plasticity (for example CRF, NPY and serotonin, dopamine) 480 can affect this form of plasticity.
481
Altogether, these findings support the broad literature implicating the role of BNST in reward 482 seeking and drug-associated behavior (Lovinger and Kash, 2015; Vranjkovic et al, 2017) . 
489
Neuroadaptations in vBNST neurons following ethanol-conditioned aversion
490
BNST is an integral hub not just for reward-related behavior but for regulating aversive learning 491 and anxiety-like states (for review, see Lebow and Chen, 2016; Vranjkovic et al, 2017) . It is 492 involved in a number of behaviors relevant to aversion and anxiety-like states, such as, the 493 acquisition and expression of Pavlovian fear conditioning (Lebow and Chen, 2016), stress-494 induced reinstatement of drug seeking (Mantsch et al, 2015) , and, negative affect in pain 495 (Minami, 2009) . Using a conditioning paradigm that has been shown before to cause ethanol-496 induced conditioned aversion (Cunningham et al, 1997 (Cunningham et al, , 2006 , we looked at synaptic alterations 497 in vBNST neurons. Conditioned aversion caused significant changes in presynaptic plasticity 498 that were distinct from the changes following conditioned preference. Unlike ethanol-CPP, 
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These results suggest an activity-dependent modulation of glutamate signaling. Our hypothesis 509 was further bolstered by changes in short-term plasticity of evoked glutamatergic responses that 510 resulted in an increase in synaptic facilitation. The remodeling of glutamatergic synapses have been postulated to play a role in classical learning and memory (Malenka and Bear, 2004 ) and 512 although we show compelling evidence for short-term plasticity at glutamatergic signaling 513 following ethanol-conditioned aversion, the source(s) of glutamate as well as the underlying 514 neural mechanism that is being modified in response to conditioning is unclear.
515
Within BNST, modulation of glutamatergic transmission in response to stress and drug seeking 516 behavior is complex and involves both postsynaptic and presynaptic metabotropic receptors and 517 is modulated by various neuropeptides and monoamines (for extensive review, see McElligott and Winder, 2009; Harris and Winder, 2018) . One likely candidate for modulation of both short-519 term and long-term depression at glutamatergic terminals within the BNST is the 520 endocannabinoid signaling which acts retrogradely to inhibit release probability at presynaptic 521 terminals (Grueter et al, 2006; Puente et al, 2011) . Recently, we showed that Gq-mediated 522 signaling in the GABA transporter (VGAT)-expressing neurons promotes anxiety-like behavior 523 that was accompanied by long-term plasticity at CB1R-dependent glutamate signaling 524 (Mazzone et al, 2016b) . Another equally potential candidate is the noradrenergic input to the 525 vBNST, which is also important for mediating negative affect and anxiety-like behavior. 528 induces plasticity at glutamatergic terminals (Egli et al, 2004; McElligott et al, 2010) . Further 529 studies are warranted to parse out the mechanism of modulation of various glutamatergic inputs 530 onto vBNST following ethanol-conditioned aversion. Potentially, the decreased excitatory drive 531 that we observed may act as a filter that allows only strong and salient synaptic inputs to 532 activate the neuron, thereby enhancing the signal-to-noise ratio.
518
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Functional implications 534
While ethanol-induced conditioned place preference results in increased intrinsic excitability of 535 vBNST neurons; ethanol-induced conditioned place aversion selectively modulates glutamate 536 signaling to reduce excitatory synaptic drive onto vBNST neurons. These BNST-specific 537 neuroadaptations likely alter the activity dynamics of distinct BNST outputs. One such output is 538 BNST-VTA projection, which plays a complex role in modulating both aversive and rewarding 539 behaviors (see : Jennings et al, 2013; Glangetas et al, 2015; Marcinkiewcz et al, 2016; Pina and 540 Cunningham, 2017) . BNST-VTA projections are thought to preferentially innervate non-541 dopaminergic VTA neurons (Jennings et al, 2013) , and can indirectly increase the activity of 542 dopamine neurons by disinhibiting GABAergic neurons in the VTA. Thus, it is likely that ethanol 543 conditioning alters BNST to VTA circuit to regulate both rewarding and aversive learning.
544
Collectively, in this study we have presented compelling evidence for neural plasticity in the 545 ventral part of BNST following both ethanol-conditioned preference and aversion. This provides 546 a conceptual framework for future experiments to identify specific mechanisms that contribute to 547 both these forms of ethanol-induced associative learning and their role in overall regulation of 548 ethanol seeking behavior that contributes to relapse.
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Funding and disclosure for CS+ side was observed between mice assigned to saline group (n=24) and mice assigned to 784 ethanol group (n=24). There was also no difference in mean velocity between the two groups. 
